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That which is claimed is; 

1. In a robotic arm structure 7 providing 0-, 



R- 



and Z-motion which includes at lea/t two links, each 
havxng a proximalmost end portion and a distalmost end 
portion, with the 6 motion being /bout a primary axis 
at the proximal end portion of J proximalmost of the 
links, R motion proceeding radially from the orimary 
axis whereby the distal end por/ion of a distalmost of 
tae links can be moved radially/ in a straieht Hn e an 
end effector having an end effector portion thereof 
pivotally mounted for rotation relative to th- distal 
end portion of the distalmost link about an end 
erfector axis which/^P^&lel to the primary axis 
the arm structur/ ^^Sf^Wrolled by electronic 

computer means control linc^thfe e- p =,«^ -r 

/ v r<^Xy= ° - / R- and Z- motions , 

sensor means for^sh^h^p., 6 - and Z- motions and 
for creating electronic signals representative thereof 
and signal transmission means for delivering the 
electronic signals t/ the computer means," the 
improvement comprising: 

motor means connected to rotate the end effector 

about the end effector- ;=-*"!<= -i. ^ 

c -f -<-£or ax_s and to thereby provide 

a yaw (Y) motion- 
wherein the s/nsor means further includes means 
for sensing/ the Y-motion and creatine- an 
electronic s/gnal representative thereof; 

wherein thfe signal transmission means further 
includes ymeans for delivering the electronic 
signal Representative of the Y-motion to the 



m 
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computer means; and 

wherein the electron^ computer means further 
includes means for/adoring and controllina the 
Y-motion such thaM^end effector can be moved 
xa a straight line wh/ich is not restricted to the 
radial direction. 
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2. The robotic anh structure of claim 1 wherein 
the electronic compute^ means further includes means 
for monitoring and controlling the e-, R-, z- and Y- 
motions such that tie distal end portion of the 
distalmost of the links can be moved in arbitrary 
continuous paths, /including multisegment smooh 
trajectories and straight lines, which are not 
restricted to a radial direction while maintaining a 
prescribed orientation of the end effector. 

3. A workpiece processing system which includes 
a set of cassettes arranged in a substantially straight 
line loaded with workpieces in combination with the arm 
structure of claim 1 . 



4. A workpiece processing system which includes 
25 a conveyor belt which transports cassettes loaded with 
workpieces along a path such that the cassettes are not 
all radially accessible to the end effector in 
combination with the arm structure of claim 1. 

30 5 * A P lural ^Y of 4rm structures in accordance 

wxth claim !, each K^g one or more work stations 
s/ within its reach, fchfPjfcin structures being position 
sufficiently close toiet^er such that after a workpiece 
has been transported to/one of the work stations within 
reach of a first of the 7 arms and processed, it is then 
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transported by the first of the arms/ to a transfer 
statxon which is also within the reach of the second of 
the arms for processing at work stations within the 
reach of the second arm. 

6. A sensor array located Jn a position such 
that a workpiece being transported by an arm as set 
forth xn claim 1 passes over the Censor array whereat 
any deviation in alignment of / the workpiece, if 
present, is determined and an electronic error signal 
is generated and communicated/ to the electronic 
computer means which controls /the arm to make the 
appropriate R-, 6- and Y- correc/ions to properly align 
the workpiece. 

7. A robotic a^ivstemL se t forth in claim 1, 
further characterized ^xncyuding: 

at least one additional end effector pivotally 
mounted for rotation Relative to the distal end 
portion of the distal-nest link about the end 
effector axis; 

additional motor meads connected to rotate each 
additional end effe/ctor about the end effector 
axis and to thereby/ provide a yaw (Y) motion; 

wherein the sense/ means further includes means 
for sensing the ^-motion of the additional end 
effector and c/eating an electronic signal 
representative thereof; 

wherein the si/gnal transmission means further 
includes means' for delivering the electronic 
signal representative of the Y-motion of the 
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additional end effector to/ the computer means; and 

wherein the elec / &rpni^/ computer means further 
includes means for ipn^bbring and controlling the 
Y-motion of the ad&itieffial end effector such that 
the additional end efffector can be moved in a 
straight line which /is not restricted to the 
radial direction. 

10 8 . A Method for controlling a robotic arm 

structure utilizing electronic computer means, the arm 
structure haviAg a radial drive shaft and a rotary 
drive shaft respectively providing R- and 9- motion and 
having an end effector drive shaft providing Y (yaw) 
15 motion, each dri-fre shaft being driven by a respective 
motor, the arm \structure having n longitudinally 
extending links, each link having respective proximal 
and distal end portions, n being 2 or a larger integer, 
and an end ef f ector Wounted at a distal end portion of 
an outermost of theuinks, comprising the steps of: 
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repeatedly mea^u^ing the rotational positions of 
the radial drive khaft, the rotary drive shaft and 
the end effector drive shaft; 

generating electronic signals representative of 
the rotational positions; 

communicating thte electronic signals 
representative of the Wotational positions to the 
electronic computer means; 



utilizing the electronic! computer means to compute 
the locus of the end effictor from the electronic 
35 signals representative of \ the rotational positions 
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of the drUve shafts, and to control the drive 
motors to We and position the end effector in 
any desired\location within its reach, 

9. The method of claim 8 wherein the step of 
utilizing comprises\ the substeps of: 

continuously generating the desired position 
orientation, velocitV, acceleration and jerks of the 
end effector; 

continuously measuring the motor positions; 

solving a direct kinematic problem at oosition 
level by calculating tik position and the orientation 
of the end effector, aW an end effector tracking 
error; 



calculating the curr 

generating a velocity 
. calculating an end ef 

solving an inverse eff 
velocity level ; 

trans foming joint 
velocities; and 

communicating the motor 



t end effector path; 

file of the end effector; 
or velocity vector; 
he kinematic problem at 



motor 



v> 



iocities into 
locities to the motors 



10. In an arm structure Providing 6-, R- and Z- 
motion which includes at least \t wo links, each having 
a proximalmost end portion akd a distalmost end 
portion, with the 6 motion being\about a primary axis 
at the proximal end portion of a\ proximalmost of the 
links, R motion proceeding radialVy from the primary 
axxs whereby the distal end portion\ of a distalmost of 
the links can be moved in arbitrary continuous paths 
including multisegment smooth trajectories and straight 
lines and an end effector having \ an end effector 
portion thereof pivotally mounted forlrotation relative 
to the distal end portion of the distllmoat link about 
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an end ef fecVor axis which is parallel to the primary 
axis, the improvement comprising: 

a motor \mounted to a respective one of the 
distalmos* link and the end effector, the motor 
being connected to drive relative rotation about 
the end eifector axis between the distal end 
portion of\ the distalmost link and the end 
effector portion and to thereby provide a yaw (Y) 
motion; 

sensor means flpr sensing the R, 6, Z and Y motions 
and for creating electronic signals representative 
thereof ; 

signal transmission means for delivering the 
electronic signals to the computer means; 

\ 

electronic computer means for monitoring and 
controlling the ^ S, Z and Y motions, the 
electronic compute* means including means for 
monitoring and controlling the Y-motion such that 
the end effector caii^be moved in a straight line 
which is not restricted to the radial direction. 

11. A workpiece processing system which includes 
a set of cassettes arranged \n a substantially straight 
line loaded with workpieces ik combination with the arm 
structure of claim io . \ 

\ 

V 

12. A wafer processing system which includes a 
conveyor belt which transports* cassettes loaded with 
wafers or other objects along a Substantially straight 
lxne path used in combination with the arm structure of 

claim 10 . 
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13 . A plurality of arm structures in accordance 
with claim 10 A each having one or more work stations 
within its reach, the arm structures being positioned 
sufficiently closle together such that after a wafer has 
been transported tJo the work station (s) within reach of 
a first of the \arms and processed, it is then 
transported by the\first of the arms to a transfer 
station which is alsoXwithin the reach of the second of 
the arms for processing at work stations within the 
reach of the second aj 

14. A sensor arraA located in a position such 
that an object being transported by an arm as set forth 
in claim 12 passes over tBe sensor array whereat any 
deviation in alignment of tfhe object, if present, is 
determined, and an electronic terror signal is generated 
and communicated to the electronic computer means which 
controls the arm to make the kppropriate R, 8 and Y 
corrections to properly align the object. 

15 . A robotic arm mechanism adapted to manipulate 
workpieces which provides rJ 9 and Y (yaw) motion, 
comprising: 




two pairs of liAkigesS, each linkage having a 
proximal link hkving/ proximal and distal end 
portions and a /d8»W link having proximal and 
distal end portyons^y t£he distal end portion of the 
distal link of each c/f the pairs of linkages being 
pivotally mounted at/a distal axis to one another, 
the distal end porti'on of each proximal link being 
pivotally mounted to the proximal end portion of 
the corresponding/ distal link at a respective 
elbow axis, the /proximal end portion of each 
proximal link peing pivotally mounted at a 
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respective shoulder axis to a relatively static 
support and in spaced apart /relation to one 
another; 

an end effector mounted at the/distal end portion 
of the distal links for pivotfal motion about the 
distal axis, all of the /pivotal axes being 
parallel to one another and /extending in a first 
direction, the links and the end effector being 
spaced from one another along the direction of the 
axes such that the links caA be moved orthogonally 
to the first direct iorij in d volume extending along 
the first direction/ Jitho/it obstruction from one 
another; / 1 

a yaw motor connected/ tcf drive relative rotation 
of the end effector aboiit the distal axis; 
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an elbow motor connected to drive relative 
rotation between the /proximal end portion of a 
respective one of the Aistal links and the distal 



and 



/ 



end portion of the corresponding proximal link; 
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a shoulder motor connected to drive rotation of 
the proximal end portion of one of the proximal 
links relative to the static structure. 



16. A robotic arm mechanism as set forth in claim 
3 0 15, wherein the lxnks^and^e end effector are spaced 
from one another alonV/tTheNdirection of the axes such 
that the links can be^Voved \rthogonally to the first 
direction over the/static st/ucture without obstruction 
from the static/structureN 
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17. A robotic arm medhanism as set forth in claim 
16, wherein the elbow mjtor is connected to drive 
rotation in a respective /one of the linkages and the 
shoulder motor is connected to drive rotation in a 
respective other of the J/inkages. 



static structure 
the shoulder axes 
the relatively si 



13. A robotixOrm Mechanism as set forth in claim 
IS ^wherein the yajw J^toi ±s mounted to the relatively 

gj^raMy along a respective one of 
and>die shoulder motor is mounted to 
/structure generally alona the 
same shoulder axis, tile mechanism further includina 
belt and pulley meani for transmitting rotational 
motion from the yaw motkr to the distal axis, the elbow 
motor being mounted /to a respective other of the 
shoulder axes, the mechanism further including belt and 
pulley means for transmitting rotational motion from 
the elbow motor to the elbow axis. 



19. A robi 
15, wherein the' 
portions eac 
workniece 



mechanism as set forth in claim 
seffector has a plurality of hand 
:h is capable of manipulating a 



20. A roboticlarm mechanism as set forth in claim 
19, wherein the links and the end effector are spaced 
from one another aling the direction of the axes' such 
that the links can ik moved orthogonally to the first 
direction over the static structure without obstruction 
from the static structtdixe . 



21- A robotic arm\mechanism as set forth in claim 
20, wherein the elbow! motor is connected to drive 
rotation in a respectivk one of the linkages and the 
shoulder motor is connected to drive rotation in a 
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respective \other of the linkages. 

22. AVrobotic arm mechanism as set forth in claim 
19, wherein dhe yaw motor is mounted to the relatively- 
static structure generally along a respective one of 
the shoulder axes and the shoulder motor is mounted to 
the relatively static structure generally along the 
same shoulder \axis , the mechanism further including 
belt and pull&y means for transmitting rotational 
motion from the Vaw motor to the distal axis, the elbow 
motor being mounted to a respective other of the 
shoulder axes, th4 mechanism further including belt and 
pulley means for transmitting rotational motion from 
the elbow motor to\the elbow axis. 

23. A robotic Wrm mechanism as set forth in claim 
15, further including: 

electronic Controller means for controlling 
the end effector motor, the elbow motor and 
the shoulder! motor ; 

sensor means! for sensing the rotational 
positions of \the end effector about the 
distal axis,\ the relative rotational 
positions of th<| proximal end portion of the 
respective one W the distal links and the 
distal end portion of the corresponding 
proximal link and| the proximal end portion of 
the one of the proximal links relative to the 
static structure \and for generating one or 
more electrical signals representative 
thereof; 



means for communicating the one or more 
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^electrical signals to the electronic computer 
aeans; the electronic computer means 
jntrolling the end effector motor, the elbow 
motor and the shoulder motor so as to 
5 position the end effector at a desired 

location. 

24. A roaotic arm mechanism as set forth in claim 

23, wherein thk links and the end effector are spaced 
10 from one anothefc along the direction of the axes such 

that the links dan be moved orthogonally to the first 
direction over thfe static structure without obstruction 
from the static structure . 

15 25. A robotic^ arm mechanism as set forth in claim 

24, wherein the elbow motor is connected to drive 
rotation in a respective one of the linkages and the 
shoulder motor is connected to drive rotation in a 
respective other of tAe^ linkages . 
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26. A robotic a4m\mechanism as set forth in claim 
23, wherein the yaw motoV is mounted to the relatively 
static structure generally along a respective one of 
the shoulder axes and the- shoulder motor is mounted to 
the relatively static structure generally along the 
same shoulder axis, the ipechanism further including 
belt and pulley means f&r transmitting rotational 
motion from the yaw motor to\ the distal axis, the elbow 
motor being mounted to a \ respective other of the 
shoulder axes, the mechanism further including belt and 
pulley means for transmitting rotational motion from 
the elbow motor to the elbow axis . 

27. A robotic arm mechanism as set forth in claim 
23, wherein the end effector has a plurality of hand 



portions teach of which is capable of manipulating a 
workpiece A 



28. AWobotic arm mechanism as set forth in claim 

27, wherein the links and the end effector are spaced 
from one another along the direction of the axes such 
that the links\ can be moved orthogonally to the first 
direction over hhe static structure without obstruction 
from the static structure. 

29 . A robotite arm mechanism as set forth in claim 

28, wherein the elbow motor is connected to drive 
rotation in a respective one of the linkages and the 
shoulder motor is connected to drive rotation in a 
respective other of the linkages. 

30. A robotic arm mechanism as set forth in claim 
27, wherein the yaw motorVis mounted to the relatively 
static structure generally along a respective one of 
the shoulder axes and the shoulder motor is mounted to 
the relatively static structure generally along the 
same shoulder axis, the mechanism further including 
belt and pulley means for \transmitting rotational 
motion from the yaw motor to th\s distal axis, the elbow 
motor being mounted to a respective other of the 
shoulder axes, the mechanism further including belt and 
pulley means for transmitting rotational motion from 
the elbow motor to the elbow axis i 

>\ 

31. In a robotic arm Structure having 9-, R- and 
Z-motors for providing^e-/ R- and Z-motions about a 
primary axis, the armMr^ture having an end effector 
portion thereof pivotadl^yrriounted for rotation about an 
end effector axis which/ is parallel to the primary 
axis, the arm structure toeing controlled by electronic 
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computer means controlling the e-J R- and Z- motors and 
thereby the corresponding motic/ns, sensor means for 
sensing the R, 9- and Z- motions and for creating 
electronic signals representative thereof and signal 
transmission means for delivering the electronic 
signals to the computer /teans, the improvement 
comprising: 



m 
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means for providing yaw 7 (Y) and roll (E) motion of 
the end effector; 

workpiece orientation determining means for 
determining the£$irifeatian of a workpiece which 
is to be pickerWiy the end effector and for 
creating an error electronic signal representative 
thereof ; 

means for transmitting the error signal to the 
computer means; 

wherein the computer means includes means for 
computing corrections to be applied to the R, 6, 
Z, Y and E motions such that the workpiece can be 
picked up and /transported by the end effector in 
a desired orientation. 
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32. A workpiece processing system which includes 
a conveyor bVlt which transports cassettes loaded with 
workpieces along a path such that the cassettes are not 
all radially V accessible to the end effector in 
combination witV the arm structure of claim 31. 



33. A plurality of arm structures in accordance 
with claim 31, ea^h having one or more work stations 
within its reach, W arm structures being oosition 
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sufficientlV close together such that after a workpiece 
has been transported to one of the work stations within 
reach of a fiW of the arms and processed, it is then 
transported the first of the arms to a transfer 

station which is\also within the reach of the second of 
the arms for processing at work stations within the 
reach of the second arm. 

34. A sens*or &rray located in a position such 
that a workpiece beiW transported by an arm as set 
forth in claim 31 passks over the sensor array whereat 
any deviation in alignment of the worteiece, if 
present, is determined atad an electronic error signal 
is generated and commAnicated to the electronic 
computer means which conVrols the arm to make the 
appropriate R- , e-, z- V- and E- corrections to 
properly align the workpiecs 

35. m a robotic arm structure having e-, r- and 
Z-motors for providing e- # I- and Z-motions about a 
primary axis, the arm structure having an end effector 
portion thereof pivotallv^oWed for rotation about an 
end effector axis «yUs parallel to the primary 
axis, the arm struct/r^b^A controlled by electronic 
computer means cont^k^he" 9-, R- and Z- motors and 
thereby the corresponding motions, sensor means for 
sensing the R, 6- and/ Z- motions and for creating 
electronic signals representative thereof and signal 
transmission means f/>r delivering the electronic 
signals to the computer means, the improvement 
comprising: 

an elevator moveable along the Z axis, the robotic 
arm structure being supported by the elevator; 



- 78 - 

means for controllably tilting/ the elevator about 
any axis lying in a plane Orthogonal to the Z 
axis ; 

means for providing yaw (Y) / roll (E) and/or pitch 
(J) motion of the end effector; 
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workpiece orientation /determining means for 
determining the orientat/ion of a workpiece which 
is to be picked u^by /the end effector and for 
creating an error/ e^ct^nic signal representative 
thereof ; 



means for transmittal 
computer means; 



ng the error signal to the 
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wherein the computer means includes means for 
computing corrections to be applied to control the 
tilting of the elevator, to the R, 6 and Z motions 
and to one or morfe of the Y, E and/or J motions 
such that the workpiece can be picked up and 
transported by /the end effector in a desired 
orientatic 
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36. A workpiece processing system which includes 
a conveyor belt wHsich transports cassettes loaded with 
workpieces along aVath such that the cassettes are not 
all radially accessible to the end effector in 
combination with the\arm structure of claim 3 5 

37. A plurality Wf arm structures in accordance 
with claim 35, each having one or more work stations 
within its reach, the krm structures being position 
sufficiently close togethW such that after a workpiece 
has been transported to ofce of the work stations within 
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reach of a airst of the arms and processed, it is then 
transported \by the first of the arms to a transfer 
station which Vs also within the reach of the second of 
the arms for processing at work stations within the 
reach of the second arm. 

38. A s ens o^ array located in a position such 
that a workpiece bieing transported by an arm as set 
forth in claim 35 passes over the sensor array whereat 
any deviation in alignment of the workpiece, if 
present, is determined\and an electronic error signal 
is generated and communicated to the electronic 
computer means which cofitrols the arm to make the 
appropriate R- , 0-, Z-, Y- \levator tilting corrections 
to properly align the workpiece. 



39. In a robotic arm structure having 6-, R- and 
Z-motors for providing 6-, R- /and Z-motions about a 
primary axis, the arm structure/ having an end effector 
portion thereof pivotally mounted for rotation about an 



end effector axis which 
axis, the arm structure 
computer means control 
thereby the correspopQing - 
sensing the R, 9- and Z- 



parallel to the primary 
controlled by electronic 
R- and Z- motors and 
notions, sensor means for 
motions and for creating 



electronic signals representative thereof and signal 
transmission means for /delivering the electronic 
signals to the computer means, the improvement enabling 
picking up and transporting workpieces in cassettes 
located in a planar region generally parallel to the Z 
axis, comprising: 



means for providing yaw ( Y) and pitch (J) motion 
of the end effect/or; 
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workpiece orientation determining means for 
determining the orientation of a workpiece which 
is to be picked up by the end effector and for 
creating an electronic/ signal representative 
thereof ,- 



means for transmit t^ 
means ; 



signal to the computer 



wherein the computed means includes means for 
computing corrections 7 to be applied to control the 
R, e, Z, Y and J motions such that the workpiece 
can be picked up / and transported by the end 
effector in a desired orientation. 



40. A Workpiece processing system which includes 
a conveyor beYt which transports cassettes loaded with 
workpieces aloWr a path in a planar reg±on parallel tQ 

the Z axis such\ that the cassettes are not all radially 
accessible to thV end effector, in combination with the 
arm structure of\claim 39. 

41. A plurality of arm structures in accordance 
with claim 39, eack having one or more work stations 
within its reach, khe arm structures being position 
sufficiently close together such that after a workpiece 
has been transported Ao one of the work stations within 
reach of a first of thl arms and processed, it is then 
transported by the fiW of the arms tQ a transfer 
station which is also wdthin the reach of the second of 
the arms for processing, at work stations within the 
reach of the second arm. 



42. A sensor array \located in a position such 
that a workpiece being transported by an arm as set 



lev/ zr.nt/ 2 -* 
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forth jSd. claim 39 passes over the sensor array whereat 
any deviation in alignment of the workpiece, if 
present A is determined and an electronic error signal 
is generated and communicated to the electronic 
computer Wans which controls the arm to make the 
appropriate^ R-, 6-, z- , y- and J- corrections to 
properly align the workpiece. 

43 . A mtethod of processing workpieces to produce 
a product, comprising: 

positioning a plurality of generally parallel 
workpieces Vn one or more cassettes, the cassettes 
being located within the scope of action of a 
robotic arm\ capable of R, e, Z and Y and/or E 
and/or J motifons, the cassettes having axes which 
are not cop^ar with a primary axis of the 
robotic arm; 

selectively independently rotating the end 
effector about a\Y axis and/or a roll axis and/or 
a pitch axis; 

monitoring the R, I and Z positions of the arm and 
the Y and/or E aAd/or J positions of a wrist 
portion of the arm; 

controlling the R, 9 and Z positions of the arm 
and one or more of\ the Y and/or E and/or J 
positions of the wris^ portion of the arm; 

\ 

measuring the alignments of each workpiece as it 
is to be picked up by the arm; 

controlling the arm so that each workpiece is 
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picked ud and delivered in proper alignment for 
processing^ 



processing tl*e\ workpieces to produce the product; 
and 



recovering the Product 




In 




